Emerging evidence suggests a role for purinergic signaling in the activation of multiprotein intracellular complexes called inflammasomes, which control the release of potent inflammatory cytokines, such as interleukin (IL) -1β and -18. Porphyromonas gingivalis is intimately associated with periodontitis and is currently considered one of the pathogens that can subvert the immune system by limiting the activation of the NLRP3 inflammasome. We recently showed that P. gingivalis can dampen eATP-induced IL-1β secretion by means of its fimbriae in a purinergic P2X7 receptor-dependent manner. Here, we further explore the role of this purinergic receptor during eATPinduced IL-1β processing and secretion by P. gingivalis-infected macrophages. We found that NLRP3 was necessary for eATP-induced IL-1β secretion as well as for caspase 1 activation irrespective of P. gingivalis fimbriae. Additionally, although the secretion of IL-1β from P. gingivalis-infected macrophages was dependent on NLRP3, its adaptor protein ASC, or caspase 1, the cleavage of intracellular pro-IL-1β to the mature form was found to occur independently of NLRP3, its adaptor protein ASC, or caspase 1. Our in vitro findings revealed that P2X7 receptor has a dual role, being critical not only for eATP-induced IL-1β secretion but also for intracellular pro-IL-1β processing. These results were relevant in vivo since P2X7 receptor expression was upregulated in a P. gingivalis oral infection model, and reduced IFN-γ and IL-17 were detected in draining lymph node cells from P2rx7 -/mice. Furthermore, we demonstrated that P2X7 receptor and NLRP3 transcription were modulated in human chronic periodontitis. Overall, we conclude that the P2X7 receptor has a role in periodontal immunopathogenesis and suggest that targeting of the P2X7/NLRP3 pathway should be considered in future therapeutic interventions in periodontitis.
Introduction
Periodontitis is a common infection-associated oral disease in humans, which can lead to alveolar bone destruction and tooth loss (Kassebaum et al. 2014) . Many studies have associated periodontitis with systemic diseases such as diabetes (Zhu et al. 2014) , atherosclerosis (Slocum et al. 2014) , and rheumatoid arthritis (Maresz et al. 2013) . In general, periodontitis is due to a shift (dysbiosis) in the oral microflora from resident commensals to the overgrowth of pathogenic bacteria that leads to the breakdown of homeostasis between the host immune response and the dental biofilm in oral microenvironment (Hajishengallis and Lamont 2012) .
Porphyromonas gingivalis is a common member of the polymicrobial dental biofilm community that is involved in the immunopathogenesis of periodontitis. Recently characterized as a proinflammatory anaerobic bacterium (Hajishengallis 2014) , P. gingivalis employs multiple strategies to subvert the immune response (Taxman et al. 2012; Belibasakis et al. 2013; Maekawa et al. 2014; Huck et al. 2015) . This periodontopathogen is recognized by pattern recognition receptors via conserved motifs known as pathogen-associated molecular patterns, which results in the induction of inflammatory signaling pathways that stimulate NF-κB activation and cytokine production.
Toll-like receptors (TLRs) are pattern recognition receptors that recognize P. gingivalis and induce synthesis of prointerleukin 1β (pro-IL-1β)-an inactive precursor that must be cleaved and secreted to exert its biological function. Executed by activated caspase 1, the proteolytic processing of pro-IL-1β requires a second signal, conventionally referred as a dangerassociated molecular pattern (DAMP), which triggers the formation of intracellular multiprotein complexes called inflammasomes (Gombault et al. 2012) . Inflammasomes are protein complexes composed of a scaffold component, such as apoptosis protease activating factor (APAF), NOD-like receptor-pyrincontaining proteins (NLRP) or absent in melanoma 2 (AIM2), an apoptosis-associated speck-like protein containing CARD (ASC), and pro-caspase-1 which regulate the cleavage of pro-IL-1β and pro-IL-18 into their respective secreted mature forms (Di Virgilio 2013) . One of the most extensively studied inflammasomes contains NLRP3. Multiple triggers for NLRP3 inflammasome activation have been described, including microbial components, pore-forming toxins, and particulate materials (Gombault et al. 2012; Latz et al. 2013) .
Recently, it was demonstrated that P. gingivalis inhibits NLRP3 inflammasome activation (Taxman et al. 2012; Belibasakis et al. 2013; Huck et al. 2015) . Although the exact mechanism of NLRP3 inflammasome activation remains uncertain, there is evidence linking this event to lysosomal rupture and the release of cathepsins (Lopez-Castejon et al. 2010) , K + efflux (Morandini et al. 2014; Pelegrin et al. 2008) , endoplasmic reticulum stress (Shenderov et al. 2014) , mitochondrial reactive oxygen species, and purinergic receptor P2X, ligand-gated ion channel 7 (P2X7) activation (Hung et al. 2013) . P2X7 is an ion-gated channel that can participate in apoptotic cell death, and its ligand, extracellular adenosine triphosphate (eATP), is a prototypic DAMP, being implicated in IL-1β cleavage and secretion from proinflammatory cells (Pelegrin et al. 2008) . A large body of evidence indicates that stimulation by eATP, adenosine, and related compounds can affect many additional facets of oral pathophysiology, as recently reviewed (Lim and Mitchell 2012) . Yilmaz et al. (2008) showed that P. gingivalis stimulates synthesis of pro-IL-1β, but this first signal is not able to activate the NLRP3 inflammasome in gingival epithelial cells; however, addition of an exogenous source of ATP promoted secretion of the mature IL-1β. Using bone marrow macrophages infected with P. gingivalis, we also recently demonstrated that P. gingivalis fimbriae inhibited eATP-induced IL-1β secretion via P2X7 receptor (Morandini et al. 2014 ). Here, we tested the hypothesis that the NLRP3 inflammasome is required for eATP-mediated IL-1β processing and release during P. gingivalis infection of macrophages in vitro. Complementing these studies, we demonstrate in this work that P2X7 modulates adaptive immunity in an oral model of P. gingivalis infection, and we have initiated studies to evaluate the expression of mediators of the inflammasome pathway in human chronic periodontitis.
Materials and Methods
P. gingivalis Culture P. gingivalis strain 381 and the major fimbriae mutant (DPG3) were cultivated as previously described (Morandini et al. 2014 ). Description of culture conditions is provided in the Appendix.
Experimental Animals
C57BL/6 (WT) and P2X7 -/mice were obtained from the animal facility of the Instituto de Biofísica Carlos Chagas Filho, Universidade Federal do Rio de Janeiro. Nlrp3 -/-, Asc -/-, and caspase 1 -/-(Casp1 -/-) mice were obtained from the animal facility at the University of São Paulo (Ribeirão Preto Medical School). All experiments followed guidelines of the institutional ethical committee and underwent its approval at the Universidade Federal do Rio de Janeiro.
Bone Marrow-derived Macrophages and P. gingivalis Infection
Macrophages were derived from bone marrow of WT (C57BL/6), NLRP3 -/-, ASC -/-, Casp1 -/-, and P2X7 -/mice as previously described (Morandini et al. 2014) . Detailed information of P. gingivalis infection and subsequent experiments are provided in the Appendix. For P2X7 antagonism experiments, cells were pretreated 30 min before infection with 500µM oxidized ATP (oATP), 500nM A-740003, or 10 U/mL of apyrase.
Total RNA Extraction and Quantitative Reverse Transcription Polymerase Chain Reaction
Total RNA was extracted from bone marrow-derived macrophages (BMDMs) with PureLink RNA Mini Kit (Life Technologies, Carlsbad, CA, USA) reagent following the manufacturer's recommendations. Quantitative reverse transcription polymerase chain reaction is described in the Appendix.
ELISA
Mouse IL-1β, tumor necrosis factor-α (TNF-α), and IL-6 in culture supernatant were measured by enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, Minneapolis, MN, USA) after 6 h of P. gingivalis stimulation, followed by 30 min of incubation with or without 5mM eATP. Interferon γ (IFNγ) and IL-17 were detected following 72 h of recall stimulation in vitro in cells from submandibular lymph nodes.
Western Blot Analysis
Western blot analysis was performed as previously described (Morandini et al. 2014) and is detailed in the Appendix. Statistical analysis of densitometric data of pro-IL-1β and mature IL-1β is shown in each corresponding figure or in Appendix Figure 2 where appropriate (n = 3).
In Vivo Studies P. gingivalis infection was performed in a group of mice as previously described (Baker et al. 2000) . Detailed description is provided in the Appendix.
Patient Information
Data from a selection of patients and periodontal clinical parameters included in quantitative reverse transcription polymerase chain reaction analyses of this study were described previously (Franco et al. 2014) and are provided in the Appendix. Patient selection and samples collection were performed after written informed consent, approved, and conducted according to the ethics committee of the Catholic University of Brasília (no. 52/2010).
Statistics
Data were evaluated by 1-way analysis of variance with Tukey's posttest using GraphPad Prism 5. Where appropriate (comparison of 2 groups only), 2-tailed t tests were also performed. Statistical differences were considered significant at P < 0.05.
Results

NLRP3 Is Necessary for eATP-induced IL-1β Secretion and Caspase 1 Activation Irrespective of the Presence of P. gingivalis Fimbriae
In a previous study, we demonstrated that eATP stimulates IL-1β secretion in P. gingivalis-infected BMDMs, which is dampened by its fimbriae (Morandini et al. 2014) . To gain further insights into the role of NLRP3 inflammasome regarding P. gingivalis fimbriae induction of IL-1β secretion, we used BMDM derived from wild-type C57BL/6 (WT) and NLRP3 knockout (NLRP3 -/-) mice for comparative analyses of IL-1β processing and release. Quantitative polymerase chain reaction analysis of IL1b levels showed that this gene was transcriptionally induced by P. gingivalis wild type (strain 381) in BMDMs from both strains of mice ( Fig. 1A ). However, this induction was significantly decreased in BMDMs challenged with the fimbriae-deficient P. gingivalis strain DPG3. Because IL-1β processing requires 2 signals, we next investigated the influence of eATP on IL-1β release from WT and NLRP3 -/-BMDMs. Western blot analyses showed that levels of pro-IL-1β were similar between strains 381 and DPG3 in whole cells lysates for both WT-derived BMDMs and NLRP3 -/--derived cells ( Fig.  1B, C ). In addition, mature IL-1β was produced in whole cell lysates even in the absence of eATP, but none were secreted into the culture medium. However, when eATP was added, significant production of secreted IL-1β appeared in the supernatant from WT-derived BMDMs infected with both P. gingivalis strains; with a concomitant reduction in pro-IL-1β, form was observed in the corresponding lysate ( Fig. 1B, D) . The reduction in the cell lysate shown by Western blot (Fig. 1B) was confirmed statistically by densitometric analysis. NLRP3 deficiency did not affect the production of pro-IL-1β in cell lysates induced by both P. gingivalis strains; however, in contrast to WT-derived BMDMs, no secretion of IL-1β was detected from NLRP3 -/--derived cells in the presence of eATP (Fig. 1C, E) .
Curiously, even with no changes in pro-IL-1β levels, NLRP3 -/cells showed the mature form (17 kDa) in cell lysates, indicating that pro-IL-1β was processed at a low level to its mature form in an NLRP3-independent manner. Because the NLRP3 inflammasome was reported to bridge microbial signals to caspase 1 activation resulting in IL-1β release (Said-Sadier and Ojcius 2012), we next investigated the impact of NLRP3 deficiency in eATP-induced caspase 1 activation during infection with both strains of P. gingivalis. The active form of caspase 1 (20 kDa) was enhanced in cell lysates of 381-and DPG3infected WT BMDMs after addition of eATP as a second signal (Fig. 1F) , and it was undetectable in unstimulated cells, as confirmed by densitometric analysis (Appendix Fig. 2 ). However, in the presence of eATP, NLRP3-deficient BMDMs infected by either P. gingivalis strain could not activate caspase 1, represented by the absence of the 20-kDa cleaved form (Fig. 1G ). Taken together, these results suggested that NLRP3 is essential for IL-1β secretion and caspase 1 activation by P. gingivalisinfected macrophages in response to eATP. In addition, intracellular mature IL-1β (present in cell lysates) was formed in a NLRP3-independent manner regardless of the presence of P. gingivalis fimbriae.
Pro-IL-1β Can Be Cleaved Independently of ASC and Caspase 1 in P. gingivalis-infected Macrophages Followed by eATP Stimulation
ASC is a well-known adaptor molecule known to have a role in inflammasome complex activation, and it has been described to be required mainly for IL-1β processing during infection (Gomes et al. 2013) . To directly assess the participation of ASC and caspase 1 in IL-1β processing by BMDMs infected by either P. gingivalis strains (followed by subsequent eATP stimulation), we used BMDMs derived from ASC -/and Casp1 -/mice. There was no difference in Il1b mRNA expression in WT, ASC -/-, or Casp1 -/macrophages. All of the cells showed higher mRNA expression of this cytokine when infected by wild-type P. gingivalis 381 and were consistently lower during DPG3 infection ( Fig. 2A ). Similar to NLRP3-deficient cells, a considerable amount of pro-IL-1β cleavage to its mature form (17 kDa) was observed in both ASC -/--and Casp1 -/--derived cell lysates for both 381-and DPG3-infected BMDMs, as confirmed by densitometric analysis (Fig. 2B) .
Moreover, in the presence of eATP as a second signal ( Fig.  2B ), there was intracellular IL-1β cleavage during infection with the 381 or DPG3 strain, although not statistically different in densitometric analysis (Fig. 2B ). Nonetheless, no detectable levels of the mature secreted form were found by Western blot, and we barely detected the secreted form of IL-1β by ELISA (<40 pg/mL; Fig. 2C ). ASC -/--derived cells did not show any caspase 1 activation with or without eATP stimulation (Fig.  2D) , as expected. Combined, these data demonstrate that pro-IL-1β (33 kDa) can be cleaved independently of the ASC and caspase 1 pathway in P. gingivalis-infected BMDMs followed by eATP stimulation. 
P2X7 Receptor Is Critical Not Only for eATP-induced IL-1β Secretion but Also for Intracellular Pro-IL-1β Processing in P. gingivalis-infected Macrophages
Previous studies demonstrated that the P2X7 receptor is necessary for IL-1β release during infection, followed by eATP stimulation (Hung et al. 2013; Morandini et al. 2014) . Consistent with our previous work, P2X7 -/--derived cells did not show any intracellular production of mature IL-1β when compared with similarly challenged WT macrophages (Fig. 3A) , as confirmed by densitometric analysis of Western blots. To address the role of this purinergic receptor in IL-1β processing/cleavage, we pretreated WT BMDMs with the P2X7 antagonist, oATP (500 µM), which irreversibly blocks the P2X7 receptor. Neither strain showed considerable production of intracellular mature IL-1β in the presence of oATP (Fig. 3B) , as confirmed statistically by densitometric analysis. oATP inhibited eATP-induced IL-1β secretion as expected (Western blot of supernatants in Fig. 3B ; ELISA from supernatants in Fig. 3C) . These results were confirmed by densitometric analysis of the Western blot results. Likewise, we confirmed these results by using a selective P2X7 receptor antagonist (A-740003), as shown in Appendix Figure 1 . These lower pro-IL-1β levels can be associated with a contribution of P2X7 receptor for the first signal, with the formation of signaling platforms called lipid rafts, which can facilitate the integration between TLRs and P2X7 receptors (as revised by Vieira et al. 2010) . These experiments were also performed using WT BMDMs with apyrase (Appendix Fig. 1 ). We showed that apyrase did not affect the amount of uncleaved or cleaved IL-1β in lysates without eATP. However, the amount of cleaved IL-1β in lysates and supernatant was clearly reduced after eATP treatment. These results demonstrate that purinergic signaling is important not only for eATP-induced IL-1β secretion but also for intracellular processing of its immature form (33 kDa) to the cleaved cytokine during P. gingivalis infection in vitro.
NLRP3, ASC, and Caspase 1 Are Dispensable for TNF-α and IL-6, Which Are Secreted Independently of Inflammasomes
We next investigated whether the deficiency of NLRP3 inflammasome components could interfere with secretion of cytokines such as TNF-α and IL-6, which are secreted through the Golgi complex. Both TNF-α and IL-6 were significantly upregulated in BMDMs challenged with wild-type P. gingivalis 381 as compared with cells challenged with the fimbriadeficient P. gingivalis DPG3 strain. However, no differences were observed in similarly challenged BMDMs from NLRP3 -/-, ASC -/-, or Casp1 -/as compared with WT (C57BL/6) mice (Fig.  4 ). This result further shows that the NLPR3 inflammasome is involved only in IL-1β secretion, confirming the specificity of the NLRP3 deletion.
The P2X7 Receptor Has an Effect on P. gingivalis Infection In Vivo and Is Modulated in Human Chronic Periodontitis
In view of the results that showed the importance of the P2X7 receptor not only for IL-1β secretion but also for pro-IL-1β cleavage after eATP challenge in P. gingivalis-infected BMDMs, we investigated P2X7 receptor expression in an in vivo oral infection model. After 7 d of P. gingivalis infection, P2rx7 transcription increased 1.5-fold (Fig. 5A) , with a corresponding increase in P2X7 receptor protein in the hemimaxilla tissue as compared with sham-infected mice (Fig. 5B) , which increased 1.8-fold (Appendix Fig. 2) . Therefore, explanted submandibular lymph node cells, which drain the oral region, were restimulated with P. gingivalis fimbriae in vitro (Fig. 5C,  D) . A significant amount of IL-17 and IFN-γ secretion was seen from infected WT cells and minimal production from P2X7 -/cells (Fig. 5C, D) . Regarding IL-1β, no detectable levels were found in hemimaxilla tissue after 7 d of P. gingivalis infection (data not shown). When we investigated IL-1β mRNA in human gingival tissues from periodontitis patients before and after conventional periodontal treatment, no differences were detected between the groups (Fig. 5E ). However, P2X7R (Fig. 5F ) as well as NLRP3 (Fig. 5G ) mRNA transcription in periodontal patients decreased after treatment as expected, since these patients were in a significantly better periodontal clinical condition, as previously described (Franco et al. 2014 ). These findings are consistent with a potential role for P2X7 receptor in the development of both murine and human periodontal disease.
Discussion
P2X7 receptor is an ionotropic eATP-gated channel that is expressed on a variety of immune cells, including macrophages (Coutinho-Silva and Persechini 1997; Coutinho-Silva et al. 
2001
). When primed cells encounter a DAMP such as eATP, activation of this purinergic receptor functions as a second signal for assembly of the NLRP3 inflammasome, which in turn initiates and amplifies the innate immune and IL-1β-dependent proinflammatory responses (Mariathasan et al. 2006) . We and others previously demonstrated that purinergic signaling is an essential player in the release of IL-1β from P. gingivalisinfected cells (Morandini et al. 2014) , and in this study, we further confirm the essential participation of eATP as a danger signal. Data from patients (Orozco et al. 2006; Zhong et al. 2007 ) and animal models (Delima et al. 2001; Zhang et al. 2004) indicate that excessive production of IL-1β plays a key role in the pathogenesis of periodontitis. Here, we provide evidence that the P2X7 receptor has a crucial role in IL-1β intracellular processing and release from P. gingivalis-infected macrophages in the presence of eATP as a second signal. Furthermore, the present study demonstrated that intracellular processing of this cytokine (unlike its secretion) was NLRP3, ASC, and caspase 1 independent.
Not surprisingly, we found that NLRP3-deficiency significantly impaired the robust IL-1β secretion from P. gingivalisinfected cells induced by eATP. This occurred independently of the presence of fimbriae. Nonetheless, NLRP3-, ASC-, and caspase 1-deficient macrophages were able to cleave intracellular pro-IL-1β. Growing evidence has shown that NLRP3 inflammasomes can be activated not only in a canonical pathway involving caspase 1 but also through a noncanonical pathway involving caspase 11 (Case et al. 2013; Casson et al. 2013) and caspase 8 (Shenderov et al. 2014) , as illustrated in Figure  5H . In fact, it was recently reported that NLRP3/ASC/Casp1independent cleavage of IL-1β occurred by means of TLR4 activation via caspase 8 (Shenderov et al. 2014) , which is able to cleave pro-IL-1β at the same site as caspase 1 in response to TLR activation (Maelfait et al. 2008) . Caspase 8 can also be activated downstream from the P2X7 receptor, since eATP/ P2X7 receptor ligation was reported to connect functionally with other receptors involved in cell death, such as FasL, and pannexin 1 hemichannels in a caspase 8-dependent pathway (Aguirre et al. 2013) . Although our results suggest that P. gingivalis is able to cleave pro-IL-1β in cell lysates from ASC -/-BMDM, its well known that this periodontopathogen produces abundant proteases called gingipains (de Diego et al. 2014) , which could also be responsible for enzymatic cleavage of pro-IL-1β observed here.
Our findings revealed the importance of the P2X7 receptor in the context of P. gingivalis infection in vivo, since mRNA expression and protein production of this receptor were upregulated in hemimaxilla tissue derived from P. gingivalis orally infected mice. Furthermore, although we could not detect IL-1β production 7 d postchallenge with P. gingivalis (probably due to low levels of the cytokine), we observed that P2X7 deficiency has a large consequence for the adaptive immune response. Thus, we detected a significant reduction in IL-17 and IFN-γ secretion by draining lymph node cells restimulated in vitro. IL-17-and IFN-γ-coproducing Th cells were previously shown to be associated with multiple inflammatory diseases, and they display unique functional and gene expression profiles mediated by IL-1β (Duhen and Campbell 2014) .
Finally, when we investigated IL1B, NLRP3, and P2RX7 mRNA expression in human chronic periodontitis, we found higher IL1B levels in periodontitis cases, irrespective of treatment. Of further interest, the expression levels of both NLRP3 and P2RX7 were higher in patients with periodontitis and significantly downregulated after conventional periodontal treatment. In agreement with our data, higher NLRP3 mRNA was found in subjects with periodontitis and gingivitis, compared with healthy tissues (Bostanci et al. 2009 ). In contrast, NLRP3 expression was downregulated by subgingival biofilm in primary gingival fibroblasts, partly due to P. gingivalis infection (Belibasakis et al. 2013) .
In summary, our results highlight the contribution of the P2X7 receptor and NLRP3 inflammasome not only for IL-1β secretion but also for its cleavage in P. gingivalis-infected cells. Figure 5H illustrates a schematic representation encompassing possible mechanisms of the eATP-P2X7 receptor axis in canonical and noncanonical inflammasome activation and IL-1β release in the context of P. gingivalis infection. Moreover, we provide evidence for an involvement of the P2X7 receptor in vivo and show its modulation in human periodontitis. These studies suggest that the P2X7 purinergic receptor should be considered as a potential target for future therapeutic strategies in treatment of periodontitis.
